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Abstract 
Pressure has been demonstrated to be an effective parameter to alter the atomic and electronic 
structures of materials. By using the first-principles calculations based on density functional 
theory (DFT), we systematically investigated the changes in the atomic and electronic structures 
of the cubic MAPbI3 phase under pressures. It is found that the band gap of the compressed cubic 
MAPbI3 structure exhibits a remarkable redshift to 1.114/1.380 eV in DFT/HSE-SOC calculation 
under a mild pressure of 2.772 GPa, and subsequently shows a widening at higher pressures until 
∼20 GPa. As the pressure further increases, the band gap closes at ∼80 GPa. Detailed structural 
and electronic characteristic analyses indicate that the band gap of the cubic MAPbI3 structure is 
determined by two competing effects: the lattice contraction decreases its band gap while the 
PbI6 octahedral tilting increases it. Given that, pressure can be a powerful tool to help 
understanding the optoelectronic properties of perovskite materials. 
 




Solar cells based on the methylammonium (MA) lead halide perovskites have been rapidly 
developed in the past few years, with the power conversion efficiency increasing from 3.8% [1] 
in 2009 to 23.3% in 2018 [2]. Compared with other solar cell photovoltaic absorbers, the 
organometalhalide perovskites are generating great excitement due to their high absorption 
coefficient, high yield of charge carriers following photo-excitation, and excellent charge 
transport properties. With considerable efforts devoted from both the theoretical and 
experimental sides, substantial progress has been made in understanding the electronic structure 
of MAPbI3 and the dynamics of photo-excited charge carriers in MAPbI3 [3-7], which clearly 
indicates that band-gap modification plays an important role in improving the optoelectronic 
properties of MAPbI3. In particular, it has been tempting to further narrow the band gap of 
MAPbI3 to approach the Schockley-Queisser limit [8,9]. 
As a powerful and clean tool for modulating the crystal structure, hydrostatic pressure can be 
applied to gradually tune the optical and electronic properties of the MAPbI3 perovskites. There 
have been many experimental studies on the electronic structures and optical properties of 
MAPbI3 under pressures [10-14]. For example, by applying appropriate hydrostatic pressure, 
Kong et al. [13] found that a mild pressure can not only narrow down the band gap for broader 
solar spectrum absorption, but also prolong the carrier lifetime for greater photovoltage in the 
perovskites, both of which are highly desirable for achieving better photovoltaic performance. 
More recently, Jaffe et al. studied the pressure effect on the electronic and optical properties of 
MAPbX3 experimentally and found the metallization of MAPbI3 through apparent band gap 
closure at pressures above 60 GPa [10,14]. 
As it is commonly accepted that there is a strong correlation between the structure and properties 
in the perovskite materials [15,16], in this paper, we systematically study the pressure-induced 
atomic and electronic structure evolution of MAPbI3 in the cubic perovskite structure using first-
principlescalculations. To analyze the mechanism of the pressure induced changes, we have 
performed detailed studies of the PbI6 octahedron tilts, Bader analysis, and electronic structure of 
MAPbI3 under different pressures. Our results demonstrate that the band tuning in the cubic 
MAPbI3 structure under pressure is the result of the competition between PbI6 octahedral tilt and 
lattice contraction. Under moderate pressure, the band gap of MAPbI3 can potentially reach the 
optimized value of 1.3–1.4 eV, i.e. the Shockley-Queisser limit. 
 
2. Model and computation methods 
The first-principles calculations were performed using VASP code [17,18] with the standard 
frozen-core projector augmented-wave (PAW) method, with the exchange-correlation functional 
of generalized gradient approximation (GGA) in the Perdew, Burke, and Ernzerhof (PBE) format 
[19]. Although most of DFT-GGA calculations show underestimated band gaps in various 
semiconducting materials, quite a peculiar situation seems to exist for the Pb-based perovskites. 
The DFT-GGA calculated band gaps of the MAPbI3 perovskites are in good consistent with 
previously 1.53 eV values [4,20]. This is mainly due to the strong relativistic effect of the Pb 
atoms offsetting the underestimation error of the band gap by the typical GGA calculation. 
Similar results have also been reported in other Pb-containing materials [21]. Considering that 
calculations using the GGA-DFT and HSE-SOC methods result in nearly the same band edge 
orbital characters and band gap positions in k-space, as well as the same trend of the band gap 
change, GGA-DFT is able to qualitatively provide a correct picture of the electronic structure 
evolution in MAPbI3 under pressure. Since we mainly focus on the pressure induced electronic 
band gap evolution, the DFT-GGA calculations were used throughout our studies for total energy 
and band gap calculation. For the effective mass calculation, we use the screened hybrid 
functionals of Heyd Scuseria Ernzerhof (HSE) (with α=0.43) including the spin-orbit coupling 
(SOC) effects. The vaspkit toolkit code has been used to calculate the effective mass in our 
calculation [22]. 
All the MAPbI3 structures under pressures were relaxed until all forces are smaller than 0.01 
eV/Å and the structural relaxations were performed with a Gaussian broadening of 0.05 eV. The 
cut-off energy of 500 eV for basic functions was used in the calculations. A reciprocal space 
sampling with shift grid of 7×7×7 Monkhorst-Pack mesh [23] of the Brillouin zone was used in 
the structural optimizations. We note that dispersive interactions have been reported to be 
essential for accurately describing the structural properties of MAPbI3 and led to lattice constants 
in better agreement with experiment [24-29]. For example, the lattice constant will be 
overestimated 2% from 6.35 Å to 6.48 Å without of dispersive interactions [27]. However, this 
small difference does not affect much the band properties, e.g., neither the band edge orbital 
characters nor band gap position in k-space have changes. Therefore, although the dispersive 
interactions were ignored in the current study, our conclusions remain reliable. 
MAPbX3 has a cubic perovskite ABX3 structure with space group Pm-3m (Fig. 1a) at high 
temperature and high pressure [30,31]. Since the MA is a polar organic cation, its orientations in 
MAPbX3 have noticeable influence on the structure characteristics such as total energy, crystal 
lattice and band gap of the system [21,32]. In order to make clear the favorite orientation of the 
MA cation at zero temperature, we performed the first-principles total energy calculations on 
various MA orientations using DFT. Three local minima were identified, where the MA dipole is 
aligned along the <111>, <110>, and <100> directions, respectively. The total energy difference 
among them is within 40 meV per atom, with the <111> orientation being the most stable one, 
which is consistent with the results of Giorgi et al. [33]. As shown in Fig. 1, the MA cation in the 
ground state is surrounded by PbI6 octahedra and oriented in the <111> direction with the 
maximum freedom. 
 
Fig. 1. (a) The schematic polyhedral view of perovskite structure of MAPbI3. (b) The ball and 
stick view of MAPbI3 along <111> direction. 
 
3. Results and discussion 
3.1. Electronic structure of Pm-3m MAPbI3 under ambient pressure 
The lattice parameters, band gap and electron/hole mass of the cubic MAPbI3 structure at 
ambient condition from our calculations are listed in Table 1. In the cubic MAPbI3 structure, 
MA and Pb donate one and two electrons respectively to three I ions, forming a band gap of 
1.593/1.541 eV in DFT-GGA/HSE-SOC between unoccupied Pb 6p orbital and occupied I 5p 
orbital based on our calculations, consistent with the previous theoretical results [20,21]. The 
cubic MAPbI3 structure is calculated to be a direct band gap semiconductor with the conduction 
band minimum (CBM) and the valence band maximum (VBM) at the same R (0.5 0.5 0.5) point. 
Noticeable density peaks of the MA cation are only found deep in the valence band at −5.5 eV 
and −9.5 eV below the Fermi level, which barely overlap with the I 5p/Pb 6s orbitals, indicating 
that there is no significant interaction between the MA cation and Pb/I [20]. The contribution of 
the MA cation to the band structure near the Fermi level is relatively weak. But as a charge 
compensation center, the MA cation donates one electron to Pb-I framework. 
Table 1. Calculated lattice constant a, band gap energy Eg, effective electron/hole mass of cubic 
MAPbI3 under ambient pressure. Corresponding results from the references are also presented 
for comparison. 
Methods a (Å) Eg (eV) electron mass (m0) hole mass (m0) 
DFT-GGA 6.477 1.593 0.298 0.275 
HSE-SOC 6.477 1.541 0.197 0.242 
DFT-GGA   [4] 6.39 1.53   
DFT-GGA   [21] 6.33 1.57   
GGA-PBE   [33]  1.64 0.32 0.36 
GGA-SOC   [33]  1.64 0.23 0.29 
SR-DFT   [34]  1.68 0.36 0.40 
GW-SOC   [34]  1.67 0.22 0.16 
Experiment 6.31 [31] 1.55 [1]   
 
The remarkable properties of the MAPbI3 perovskite in solar cells benefit partially from its 
excellent charge transport capacity. Using the parabolic approximation, we calculated effective 
mass (m*) of carriers around the CBM and the VBM via the fitting of the dispersion relation: 
m*=ℏ2/[∂2E(k)/∂k2], where E(k) is the band edge eigenvalue and k is the wavevector. The 
effective electron and hole masses (me* and mh*) in the cubic MAPbI3 under ambient pressure 
are calculated to be 0.298 m0, and 0.275 m0, respectively. If the spin-orbit coupling effects are 
included with HSE the screened hybrid functionals, the value will be 0.197 m0, and 0.242 m0, 
respectively. These are consistent with the results of Giorgi [33] and Umari [34], as shown in 
Table 1. According to the carrier mobility formula μ=qt/m* (where m* is the effective mass of 
the carrier, q is the elementary charge and t is the average scattering time) [35], it can be seen 
that smaller effective masses of electron and hole carriers result in faster diffusion rate of 
carriers, thus high battery conductivity, which will facilitate the separation and transport of 
carriers. 
 
3.2. Electronic structure of Pm-3m MAPbI3 under high pressure 
By gradually varying the lattice parameter, the cubic MAPbI3 structure was optimized to obtain 
the relation between total energy and volume of the system. Pressure can then be calculated 
using P=−∂E/∂V. Through the first-principles band structure calculations, band gaps under 
different pressures were computed and plotted in Fig. 2. Here the R-R gap shows the energy gap 
calculated from the difference between valence maximum and conduction minimum at the high-
symmetry R point in the Brillouin zone. The band edge gap represents the energy difference 
between the valence edge and conduction edge in the total density of states. 
 
Fig. 2. Variation of the band gap under pressures. Both the gaps calculated at the high symmetry 
point R and between the band edges are plotted. Inset shows an enlarged plot of the band gap at 
pressures from 0 to 6 GPa. 
At ambient pressure, the band gap has been calculated to be 1.593 eV or 1.541 eV in DFT-GGA 
or HSE-SOC. As the pressure increases from 0 to 2.772 GPa, it undergoes a redshift to 
1.114/1.380 eV in DFT-GGA/HSE-SOC. This means the band gap of the cubic MAPbI3 
perovskite can potentially reach the optimized value of 1.3–1.4 eV, i.e. the Shockley-Queisser 
limit, at which the energy-conversion efficiency of solar cells is the highest. We also note that 
the effective masses (me* and mh*) in MAPbI3 at 2.772 GPa were calculated to be 0.301 m0 and 
0.229 m0 in DFT-GGA, while it would be 0.171 m0 and 0.227 m0 in HSE-SOC calculation, 
respectively. This decrease in band gap and effective mass comes from the pressure induced 
coupling change in the band edge states and indicates better charge transport properties as a 
photovoltaic absorber in the compressed cubic MAPbI3 perovskite. 
Continuously increasing the pressure, the band gap will widen again after 2.772 GPa as plotted in 
Fig. 2. We note that in our calculations the cubic symmetry of the structure is kept. Nonetheless, 
such variation of the band gap under pressures in MAPbI3 is rather unusual. Applying 
hydrostatic pressure on a crystal usually narrows its band gap in the absence of phase transitions. 
The reason is that the lattice contraction increases the orbital overlap and an easier electronic 
hopping is allowed when atoms approach each other. However in the cubic MAPbI3 structure, 
the blueshift of the band gap is observed in the pressure range of 2.772 GPa–20 GPa. More 
interestingly, at the same time, the CBM starts to shift away from the high symmetry point R and 
the direct band gap changes to indirect band gap, as shown in the insert plot of Fig. 2. This can 
also be seen more clearly in Fig. 3a. 
 
Fig. 3. The electronic structures of the perovskites MAPbI3 under 0, 2.772, and 4.749 GPa 
pressures. (a) The band edge states near Fermi level. (b) The total DOS and partial I, Pb DOS. 
In Fig. 3, we plot the band edge structures and DOS information of MAPbI3under the three 
selected mild pressures. It shows clearly a redshift and subsequent blue jump below and upon 
2.772 GPa. Above of this critical point, the VBM is still at R point, while the CBM shifts away 
from R point and moves to R-Γ line. This direct-indirect transition relate closely to the polar MA 
molecular and structure changes in MAPbI3 under pressure and will be discussed in another work 
[36]. 
Further increasing the pressure to above 20 GPa, the band gap decreases again as shown in Fig. 
2. The MAPbI3 is observed to be metallic at about 80 GPa, not far away from the experimentally 
reported 60 GPa [14]. 
 
3.3. Correlation between the atomic and electronic structure changes 
Evolution of the electronic properties of materials under pressure is determined by the changes in 
its atomic structure. Compared with the ideal cubic MAPbI3 perovskite structure plotted in Fig. 
1a, the pressure-driven MAPbI3 exhibits notable rotations of PbI6 octahedra along with the 
reduction of Pb-I bond length. 
In mild pressure, the octahedral tilt can be seen as a rigid rotation of the anion [PbI6]4− cage 
with either in-phase or out-of-phase ordering [37,38], resulting in the transformation of the 
rectangular cavity in which the MA cation sits into an irregular polyhedrons-shaped cavity. It 
stabilizes the structure primarily because of the nonbonding I 5p orbitals, while the Pb 6s/I 5p 
bonding states reduce the propensity to such tilt in Pb-based perovskites [38]. At the microscopic 
level, it was also reported that the hydrogen bonding between the MA cation and the halide 
frame plays an important role in the octahedral tilting [39]. 
In order to examine the mechanism of the octahedral tilts, in Fig. 4 we plotted the structures 
under three different pressures as well as the average Pb-I-Pb angle and relevant bond length 
parameter C as the function of pressure. C=(b−a/2)/(a/2) is the relevant bond length parameter, 
where b is the average bond length of Pb-I bonds in MAPbI3 and a is the lattice constant at 
different pressures. It serves as a good indicator to the tilting level of the PbI6 octrahedra. At 
mild pressure (see Fig. 4b), the dominant structure change is observed as the hydrogen atoms 
attached to the nitrogen end of the MA cation (HN) approaching to I atoms of the [PbI6]4− 
inorganic cage. The change of HN-I distance is due to the attractive Coulomb interaction 
between HN and I atoms. This electrostatic in nature and attractive Coulomb interaction between 
the HN and halogenatoms have been identified by theory in MAPbBr3  [40] and lead to deviations 
of the predominant Pb I-Pb bond angle away from 180° (see Fig. 4a–c). Here we note that not all 
of the HN-I distance becomes shorter with the amine end of the MA molecule towards I atoms 
due to the asymmetry of MA molecular and disordered cavity. 
 
Fig. 4. The HN-I bond lengths in MAPbI3 (upper panel, in the unit of Å.) and the predominant 
Pb-I-Pb bond angle (lower panel) at (a) 0 GPa, (b) 2.772 GPa, and (c) 4.749 GPa, respectively. 
(d) The average angle of Pb-I-Pb in MAPbI3 at different pressures. (e) The relevant Pb-I bond 
length parameter C at different pressures. Inset plots show the average bond angles and the 
relevant bond lengths parameter at pressures from 0 to 6 GPa. 
 
To reveal the electronic nature of PbI6 octahedra rotation, we performed the Bader analysis under 
different pressures based on the first-principles calculations. The results of the charge transfer are 
shown in Table 2, where the involved atoms are labeled in Fig. 4. We can see that the charges 
transferred to N atom are 1.838, 1.852, and 1.891 electrons at 0, 2.772, and 4.749 GPa, 
respectively. This leaves the HN atoms with a net positive charge, which in turn get attracted to 
the negatively charged I atoms. Finally the amine end of the MA cation is driven towards to the I 
atoms of inorganic cage. At the same time, I atoms of the cage are displaced from their edge 
centered positions in the ideal cubic perovskite and move towards to the HN atoms through 
rotation of PbI6 octahedra. We plot in Fig. 5 charge density difference at 2.772 GPa between the 
self-consistent charge density and non-self-consistent superposition of atomic charge density to 
show how the charge redistributes when the bonds are created. As a qualitative description, the 
charge density difference plot intuitively shows the bonding or charge aggregation between the 
atoms due to the charge transfer. From Fig. 5, there are obvious features of covalent bonding 
between N-H, C-H, and C-N. Apparently the charge aggregations between the shortest three HN-
I imply the electrostatic attractive Coulomb interaction between the HN and halogen atoms, 
further supporting the mechanism of the rotations of PbI6 octahedra are highly correlated with 
the strength of the hydrogen bonding [41]. 
 
Table 2. The charge transfer of the H, N and I atoms under three different pressures. The unit of 
all numbers is e−. 
 HN HN HN N C I1 I2 I3 
0 GPa −0.679 −0.656 −0.712 +1.838 −0.824 +0.464 +0.461 +0.437 
2.772 GPa −0.657 −0.701 −0.681 +1.852 −0.784 +0.407 +0.397 +0.400 
4.749 GPa −0.691 −0.682 −0.674 +1.891 −0.825 +0.405 +0.398 +0.402 
 
 
Fig. 5. The charge density difference at 2.772 GPa between the self-consistent charge density and 
non-self-consistent superposition of atomic charge density of MAPbI3. 
 
Finally, we analyze the relation between the band gap changes and the structure. In Fig. 4d, we 
notice that Pb-I-Pb bond angle remains almost unchanged below 3 GPa. The band gap decreases 
in MAPbI3 mainly because the lattice contraction increases Pb-I orbital overlap. At about 
2.8 GPa, there is an abrupt change in the Pb-I-Pb bond angle as shown in the inset of Fig. 4d. The 
Pb-I-Pb bond angle decrease continually in company with the rotation of the PbI6 octahedra (see 
Fig. 4e). Together with the variation of band gap plotted in Fig. 2, we conclude that the blueshift 
of the band gap between 2.8 GPa and 20 GPa is caused by the octahedral tilts of PbI6, which 
reduces the Pb-I orbital overlap. The two competing effects, i.e. lattice contraction and 
octahedral tilting, determine the pressure-driven evolution of the band gap for MAPbI3. Above 
20 GPa, as the Pb-I-Pb angle decreases slower and the lattice contraction becomes dominate, the 
band gap starts to decrease and reaches 0 at about 80 GPa according to our calculations. 
 
4. Conclusions 
In summary, we investigated the electronic structure evolution of the cubic phase of MAPbI3 
perovskite under pressure. It is found that the band gapof the compressed cubic MAPbI3 firstly 
exhibits a notable redshift and subsequently blue jump under pressure up to ∼20 GPa. Upon 
further increase of the pressure, MAPbI3 eventually becomes metallic at ∼80 GPa. It is 
demonstrated that rotation of PbI6 octahedra and lattice contraction driven by pressure determine 
the electronic structure evolution in MAPbI3. The two competing effects have impact on the 
electronic properties of MAPbI3 through tuning the metal-halide orbital overlaps, where lattice 
contraction decreases the band gap and octahedral tilting tends to increase the band gap. 
Although we only considered the cubic phase of MAPbI3 perovskites in this work, rich and 
unusual pressure induced behaviors are observed in the electronic properties of MAPbI3. These 
unique electronic properties come from the intricacy of the organic-inorganic trihalide MAPbI3 
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